Information processing by neurons has been traditionally envisioned to occur in discrete neuronal compartments. Specifically, dendrites receive and integrate synaptic inputs while axons initiate and conduct spikes to distal neuronal targets. We report here in mice, using morphological reconstructions and electrophysiology, that the gonadotropin-releasing hormone (GnRH) neurons that control mammalian fertility do not conform to this stereotype and instead possess a single projection structure that functions simultaneously as an axon and dendrite. Specifically, we show that the GnRH neuron projection to the median eminence to control pituitary hormone secretion possesses a spike initiation site and conducts action potentials while also exhibiting spines and synaptic appositions along its entire length. Classical axonal or dendritic markers are not detectable in the projection process. Activation of ionotropic glutamate and/or GABA receptors along the GnRH neuron projection is capable of depolarizing the membrane potential and initiating action potentials. In addition, focal glutamate application to the projection is able to regulate the width of propagating spikes. These data demonstrate that GnRH neurons elaborate a previously uncharacterized neuronal projection that functions simultaneously as an axon and dendrite. This structure, termed a "dendron," greatly expands the dynamic control of GnRH secretion into the pituitary portal system to regulate fertility.
Introduction
The gonadotropin-releasing hormone (GnRH) neurons represent the final output cells of a hypothalamic network that controls fertility in all mammalian species (Terasawa and Fernandez, 2001; Levine, 2003; Plant, 2008) . Although the cell bodies of the GnRH neurons are scattered throughout the basal forebrain, they send projections to a highly discrete region called the median eminence to secrete GnRH into the pituitary portal circulation to regulate gonadotropin secretion . It has long been known that GnRH neurons have a very simple bipolar morphology (Silverman et al., 1994) . However, recent studies have demonstrated that GnRH neuron dendrites extend for surprisingly long distances over 1000 m, receive substantial synaptic input, and exhibit postnatal developmental and steroid-dependent plasticity (Campbell et al., 2005 (Campbell et al., , 2009 Cottrell et al., 2006; Chan et al., 2011; Ybarra et al., 2011) .
Whereas the GnRH nerve terminals within the median eminence have been very well characterized, it remains curious that electron microscopic investigations over many years have failed to identify the origin of the GnRH neuron axon from the cell body (Silverman et al., 1994; Campbell et al., 2009) . Recently, the origin and nature of the GnRH neuron axon has been questioned further as electrophysiological studies have identified that action potentials in GnRH neurons are triggered, in the most part, from within the proximal dendrite of these cells (Roberts et al., 2008; Iremonger and Herbison, 2012) . This suggested the possibility that the axon may originate from the proximal dendrite rather than the cell body.
The current series of studies were initiated to establish the origin of the GnRH neuron axon. Remarkably, we have found that GnRH neurons do not elaborate axons but, instead, use the previously identified long GnRH neuron dendrites to project all the way to the median eminence whereupon they terminate by splitting into multiple nerve terminals. This unique projection functions simultaneously as an axon and dendrite to control GnRH peptide neurosecretion.
Materials and Methods
Animals. Male C57BL/6J GnRH-GFP mice (Spergel et al., 1999) were housed with 12 h of light and ad libitum access to food and water. Ages of animals ranged between 40 -90 d. All experimentation was approved by the University of Otago Animal Welfare and Ethics Committee. Animals were killed by cervical dislocation, the brain quickly removed, and the optic tract peeled off before gluing the neocortex to a vibratome cutting stage. The vibratome blade was positioned to just touch the caudal extent of the hypothalamus and a single 500-m-thick horizontal slice prepared (Constantin et al., 2012) .
Juxtacellular filling of GnRH neurons. Individual identified GnRH neurons were patched with a whole-cell pipette solution containing 0.2% Neurobiotin (SP-1120; Vector Laboratories) and a tight seal (Ͼ200 M⍀) obtained. Voltage steps of 100 mV and 60 ms duration were delivered at 10 Hz through an Axoclamp 2B amplifier (Molecular Devices) for 30 -120 min. After filling, slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.6, at 4°C for 2-12 h depending on the subsequent protocol.
Primary antibodies. The following antibodies were used in this study and references are provided for publications that have described their staining patterns and specificity. ␤-3-Tubulin was used as a general neuronal marker (1:1000; R&D Systems, MAB1195, lot HGQ01) (Moody et al., 1989) . Dendritic markers were MAP2 (1:1,000; Sigma Aldrich, M4403, lot 111K4806) (Huber and Matus, 1984) , dephosphorylated heavy neurofilament (1:500; Sternberger Monoclonals, SMI32) (Sternberger and Sternberger, 1983) , and KIF17 (1:100; Abcam, ab11261, lot 721005) (Setou et al., 2000; Chung et al., 2009) . Axonal markers used were Tau1 (1:500; Millipore, MAB3420, lot LV1563313) (Binder et al., 1985) and phosphorylated heavy neurofilament (1:500; Sternberger Monoclonals, SMI31) (Sternberger and Sternberger, 1983) . Green fluorescent protein (GFP) signal was amplified using a GFP antibody (1: 5000; Invitrogen, A6455, lot 71B1). Initial segments were labeled with a monoclonal Ankyrin G antibody (1:50; Santa Cruz Biotechnology, sc-12719, lot D1309) (Van Wart et al., 2007) . Synaptobrevin 2 (VAMP2) was used as a presynaptic marker (1:300; Synaptic Systems, #104202, lot 104202/20) (Witkovsky et al., 2008) .
Immunohistochemistry on Neurobiotin-filled cells in acute slices. Brains slices for Ankyrin G or VAMP2 labeling were fixed for 2 h or 12 h, respectively, in 4% paraformaldehyde. They were subsequently washed 3 ϫ 30 min in Tris-buffered saline (TBS), pH 7.6, to remove residual aldehydes. Incubation of Ankyrin G and VAMP2 antibodies was performed in incubation solution (0.25% (w/v) bovine serum albumin (BSA) and 0.6% (w/v) Triton X-100 in TBS, pH 7.6, with 2% (v/v) normal serum at 4°C for 48 h. After 3 ϫ 30 min washes in TBS, secondary antibodies (donkey anti-mouse DyLight 549; Jackson ImmunoResearch, #715-506-150, 1:200; goat anti-rabbit Alexa Fluor 568, Invitrogen, A11011, 1:200) and the far-red streptavidin Alexa Fluor 647 (Invitrogen, S11226, 1:200) were incubated with the sections in incubation solution at room temperature for 4 h. All specimens were coverslipped in AquaPoly/Mount (Polysciences). The omission of primary antibodies or incubation with inappropriate secondary antibodies resulted in a complete absence of immunoreactivity in control experiments. Pre-adsorption of the VAMP2 antibody was undertaken by incubation with 1 M VAMP2 antigen (Synaptic Systems) for 48 h at 4 C.
Blood vessel labeling. Slices were washed as described above followed by incubation with Rhodamine Bandeiraea simplicifolia Lectin 1 (Vector Laboratories, RL-1102, 1:500) and streptavidin Alexa Fluor 647 (Invitrogen, S11226, 1:200) in incubation solution at room temperature for 4 h. Slices were subsequently rinsed 3 ϫ 30 min in TBS and mounted as described above.
Immunohistochemistry on perfusion-fixed brains. Adult male GnRH-GFP animals were deeply anesthetized using pentobarbital (30 mg/100 g body weight) and were transcardially perfused with 15 ml of cold 4% paraformaldehyde. Brains were removed immediately and immersion fixed at room temperature for 1 h. Subsequently, brains were cryoprotected in 30% (w/v) sucrose in TBS at 4°C overnight. Sections of 30 m thickness were cut on a freezing stage microtome and residual aldehydes were removed by washing sections in TBS for 3 ϫ 10 min. Primary antibody incubation was performed at 4°C for ϳ48 h in incubation solution (0.3% (w/v) Triton X-100 and 0.25% (w/v) BSA in TBS, pH 7.6, with 2% (v/v) normal serum of the species the secondary antibodies had been raised in. Again, the tissue was rinsed 3 ϫ 10 min in TBS and secondary antibodies (goat anti-rabbit and goat anti-mouse conjugated with Alexa Fluor 488 and 568 (1:200 to 1:1,000; Invitrogen)) were incu- Figure 1 . Cell filling of individual GnRH neurons reveals a unique projection to the median eminence (ME). A, Montage of confocal z-projections of GnRH neuron (yellow/red) in the anterior hypothalamic area projecting to the ME, which is labeled green by the dense fiber plexus of the other GFP-expressing GnRH neuron fibers. The top inset right shows the location of the neuron within the horizontal brain slice preparation. The optic tract was removed during dissection. B, Camera lucida-like reconstruction of two GnRH neurons projecting to the median eminence; one shown in A above (red) and another with its cell body located close to the median eminence (blue). a-d, Positions of the respective high-magnification pseudocolored insets. Red, Neurobiotin; green, transgene GFP; blue, B. simplicifolia Lectin 1 blood vessel label. Arrowhead in b indicates a spine. d1, Filled GnRH neuron terminal (white/pink) among terminals of other GnRH neurons (green) in the external zone of the median eminence juxtaposed to a blood vessel (blue). d2, Isosurface rendering of d1 demonstrating the close proximity between filled terminal and blood vessel. "X" in B indicates fibers that continue but could not be photographed. bated in incubation solution at room temperature for 60 -90 min. After a final set of washes for 3 ϫ 10 min sections were mounted on gelatincoated slides, dried, and subsequently coverslipped using Aqua-Poly/ Mount (Polysciences).
Confocal microscopy and image analysis. Specimens were photographed using a Zeiss LSM 510 confocal microscope with LSM 510 software (version 3.2). Image stacks were acquired at 0.4 m intervals with a 40ϫ/1.3 Plan Neofluar objective using 3ϫ zoom and the pinhole adjusted to 1 Airy unit. Maximum intensity projections of stacks and other image analyses were done using ImageJ (version 1.46a). Montages of projected stack images and adjustments of brightness levels were made in Adobe Photoshop CS4; camera lucida-like reconstructions were manually drawn in Adobe Illustrator CS4. Isosurface renderings were done in Amira 5.3 (Visage Imaging). For figures, Alexa Fluor 647 was represented as red while DyLight 549 and Alexa Fluor 568 were pseudocolored as cyan or magenta. For the quantitation of VAMP2 appositions, the criteria for determining an apposition were the following: (1) its punctate appearance with intensity above background, (2) immediate juxtaposition or slight overlap between dendritic and VAMP2 signal, (3) center of VAMP2 puncta not overlapping with dendritic label (to exclude that it is located within the dendrite and thus a GnRH neuron release site), and (4) the VAMP2 puncta appears in at least two subsequent images within the confocal stack.
In vitro recordings. Brain slices were perfused with artificial CSF (ACSF) at 25°C in a recording chamber under an Olympus FV1000 confocal microscope. ACSF consisted of the following (in mM): 118 NaCl, 3 KCl, 11 D-glucose, 10 HEPES, 25 NaHCO 3 , 2.5 CaCl 2 , and 1.2 MgCl 2 .
Recordings were obtained from GnRH neurons in the anterior hypothalamic area (AHA) with projections to the median eminence. The pipette solution for whole-cell recording consisted of the following (in mM): 140 potassium gluconate, 8 NaCl, 10 HEPES, 10 Trisphosphocreatine, 4 MgATP, 0.4 NaGTP, and 0.04 Alexa Fluor 555 hydrazide. Cells were held close to Ϫ60 mV in current clamp for consistency across experiments. Simultaneous looseseal on cell recordings were performed from the soma and median eminence projection with patch electrodes filled with ACSF as previously described (Iremonger and Herbison, 2012) .
Glutamate and GABA were puff applied with patch pipettes filled with ACSF and 500 M glutamate or 100 M GABA. Picrotoxin (100 M) and D-serine (10 M) were included in the bath ACSF for experiments with glutamate puffs to block GABA A transmission and facilitate the activation of NMDA receptors, respectively. Glutamate puff responses could be blocked with the AMPA and NMDA receptor antagonists whereas GABA puff responses could be blocked with GABA A receptor antagonists. Puffs were controlled by a picospritzer (World Precision Instruments) and were delivered at low pressure (ϳ2 psi) for 500 ms. The effective radius of the puffs was 60 -80 m.
Channelrhodopsin stimulation and uncaging. Channelrhodopsin (ChR2) stimulation was performed in Vgat-ChR2; GnRH-GFP transgenic mice that have ChR2 expression targeted to GABAergic neurons (Zhao et al., 2011) . A 100 m optic fiber was placed rostral and lateral to the median eminence and 2 ms flashes of 473 nm light were delivered by a DPSS laser (IkeCool). Mean laser power used was 4 mW. Light-evoked GABA synaptic currents were blocked with 100 M picrotoxin confirming the specificity of ChR2 stimulation. Synaptic currents were recorded in whole-cell mode with a high chloride pipette solution consisting of the following (in mM): 130 KCl, 10 HEPES, 2 MgATP, 0.2 NaGTP, and 0.04 Alexa Fluor 555.
Glutamate uncaging was performed with the 405 nm laser line of an Olympus FV1000 confocal microscope. Methoxy-7-nitroindolinyl-(MNI)-glutamate-trifluoroacetate (Femtonics) was dissolved in ACSF and continually puff applied to the slice above the uncaging site at a concentration of 5 mM. Uncaging was performed by line scanning a 5-10 m region immediately adjacent and parallel to the projection process 92 times over 140 ms. No depolarization could be recorded if the uncaging scan was moved 20 m away from the recorded process. Picrotoxin (100 M) was included in the bath to block GABA A receptors.
Electrophysiological recordings were collected with a Multiclamp 700B amplifier (Molecular Devices), using a low-pass filter at 1 kHz and digitized with the Digidata 1440A (Molecular Devices) at 50 -100 kHz. All electrophysiological data were analyzed with Clampex10 software (Molecular Devices).
Statistics. All data are presented as mean Ϯ SEM. Statistical analyses were performed with the Wilcoxon matched-pairs signed rank test; p Ͻ 0.05 was accepted as statistically significant.
Results

Identification of a unique GnRH neuron projection to the median eminence
To determine the entire morphology of the GnRH neuron we used a new horizontal brain slice preparation from adult male GnRH neuron processes do not label for classical axonal or dendritic markers. All markers (red label) labeled appropriate neuronal compartments in various other brain areas (top) but did not localize to GnRH neurons (green, middle). The bottom part of the same field, without GnRH GFP, is given for each marker to show that it is not expressed by GnRH neurons. Dendritic markers used were microtubule-associated protein 2 (MAP2) and dephosphorylated neurofilament and kinesin-like protein 17 (KIF17). Axonal markers were Tau1 and phosphorylated neurofilaments (NF). The general neuronal marker ␤-3-tubulin did not label GnRH neurons. 3V, third ventricle; rPOA, rostral preoptic area; SN, substantia nigra; VTA, ventral tegmental area. Scale bars: 10 m.
GnRH-GFP transgenic mice that maintains the projections of AHA GnRH neuron cell bodies to the median eminence intact (Constantin et al., 2012) . Individual GnRH neurons were visualized by their GFP fluorescence and filled with Neurobiotin by single-cell electroporation. After fixation and processing for histochemistry, the entire morphology of individual GnRH neurons was reconstructed using confocal microscopy. Consistent with previous reports (Campbell et al., 2005 (Campbell et al., , 2009 we found that GnRH neurons were generally bipolar with two long, relatively unbranched processes decorated with spines. Remarkably, we observed that all GnRH neurons reconstructed (17 cells from 12 mice), including GnRH neurons located adjacent to the median eminence, projected at least one of these dendrites directly into the median eminence ( Fig. 1 A, B) . Upon entering the median eminence the process branched extensively (Fig. 1 A, B) and formed terminals that were juxtaposed to blood vessels (Fig.  1Bd) . We found no evidence for regressed axon-like structures in AHA GnRH neurons. In the majority of cases (60%), the other process emanating from the cell body turned 180 degrees after a variable distance and then also projected in the direction of the median eminence (Figs. 1 A, B, Fig. 4 ).
Morphological characterization of the GnRH neuron projection to the median eminence
The cell-filling experiment above identified what had previously been considered GnRH neuron dendrites (Campbell et al., 2005) projecting into the median eminence to form GnRH nerve terminals. This highly unusual situation led us undertake a further series of experiments to establish their axonal or dendritic identity.
First, we performed dual immunohistochemistry for classical axonal or dendritic markers in the GnRH neuron projections. Surprisingly, despite normal staining patterns in other brain regions examined, GnRH-GFP neurons did not colocalize with the general neuronal marker ␤-3-tubulin, or the dendritic markers microtubule-associated protein 2, dephosphorylated heavy neurofilament and kinesin-like protein 17 (Fig. 2) . Likewise, GnRH neuron processes did not colocalize with the classical axonal markers axonal phosphorylated heavy neurofilament or Tau1 (Fig. 2) . Together, these results suggested that GnRH neurons extend a rather unique projection structure that is not typical of dendrites or axons of other CNS neurons.
We noted that the GnRH neuron processes to the median eminence exhibited spines along much of their projection (Fig.  1Bb) , indicative of a dendritic nature. To assess more generally the possibility of synaptic inputs occurring along the projection to the median eminence, individual GnRH neurons were filled with Neurobiotin and their relationship to presynaptic boutons visualized using an antibody directed against the SNARE protein synaptobrevin 2 (VAMP2). Multiple antibodies directed against various presynaptic and postsynaptic markers were tested in this immersion-fixed brain slice preparation with VAMP2 being the only one found to provide a workable and specific signal. As expected, VAMP2 was highly abundant within the brain as diffuse spots of immunoreactivity (Fig. 3A) that were absent in no primary antibody, and almost completely absent in preadsorption control experiments (Fig. 3C) . Using confocal analysis, VAMP2-positive boutons were found apposed to the whole extent of the GnRH neuron projection (Fig. 3A) up to and including elements within the median eminence (Fig. 3Ad) . Quantitation of VAMP2 boutons showed a mean of 35.3 Ϯ 7.4 appositions on the first 100 m of the proximal processes compared with 10.7 Ϯ 2.8 appositions on the distal 100 m of the process before it entered the median eminence (n ϭ 3 neurons; Fig. 3A ). VAMP2 was also identified within filled GnRH neurosecretory terminals apposed to blood vessels (data not shown).
It has previously been reported that GnRH neurons can initiate action potentials in their proximal dendrite (Roberts et al., 2008; Iremonger and Herbison, 2012) . We therefore determined specifically whether the GnRH neuron projection to the median eminence contained a spike initiation site by filling individual GnRH neurons with Neurobiotin and performing immunohistochemistry for the initial segment marker Ankyrin G (Kordeli et  al., 1995) . Ankyrin G immunoreactivity existed as large numbers of thin "stripes" within the brain slice and was absent upon omission of the primary antibody (Fig. 4b,c) . In nine filled GnRH neurons, Ankyrin G immunoreactivity was found localized to a short segment of the GnRH neuron projection heading directly to the median eminence (Fig. 4) . This was located 89 Ϯ 30 m from the soma and had a length of 34 Ϯ 3 m (Fig. 4) and we noted multiple spines present around and within the initial segment (Fig. 4a1) . The location of Ankyrin G is in agreement with previous electrophysiological evidence for the site of spike initiation in one proximal dendrite of each GnRH neuron (Iremonger and Herbison, 2012) .
Together, these studies indicated that the GnRH neuron projection to the median eminence does not express classical axonal or dendritic markers. It does, however, have spines and immunohistochemical evidence of presynaptic terminals along its length, while also possessing a spike initiation site. This suggested that this unusual projection functions both as an axon to conduct action potentials and also as a dendrite receiving synaptic input.
We determined whether this morphology was unique to GnRH neurons or, potentially, a general feature of all hypophysiotropic neuroendocrine cells. Arcuate nucleus dopamine neurons from tyrosine hydroxylase (TH)-GFP mice were filled with Neurobiotin and reconstructed in the same manner as GnRH neurons including labeling for Ankyrin G. Four dopaminergic neurons from two mice were reconstructed and each found to exhibit a clear dendritic tree comprised of thick processes decorated with spines, and a separate thin axonal projection devoid of spines that branched extensively both before and within the median eminence (Fig. 5) . Ankyrin G was localized to only the proximal section of the axon in each of the four dopaminergic neurons (Fig. 5) .
Electrophysiological characterization of the GnRH neuron projection to the median eminence
The morphological characterization above indicated that the GnRH neuron projection to the median eminence may receive synaptic input along its full length. To provide further evidence for this, we determined with electrophysiology the ability of the GnRH neuron projection to respond to the classic amino acid neurotransmitters GABA and glutamate. These experiments were undertaken by filling live GnRH neurons in the horizontal brain slice preparation with Alexa Fluor 555 and following their projection into the median eminence (Fig. 6A) . The processes of GnRH neurons with cell bodies located Ͼ1000 m from the median eminence could not be followed all the way to the median eminence as they traveled too deep in the acute brain slice to visualize. Because of this, we chose to record from AHA GnRH neuron soma closer to the median eminence (Ͻ800 m away) for the majority of electrophysiological experiments.
GnRH neuron projections to the median eminence have functional glutamate and GABA receptors
To assess whether the projection into the median eminence possessed functional receptors for neurotransmitters, we performed whole-cell recordings at the soma and locally puff applied either glutamate (500 M) or GABA (100 M) at the soma and at different distances (100 -800 m) along the process using a picospritzer. The effective radius of these puffs was determined to be 60 -80 m. Glutamate produced depolarizations when focally applied to the soma (9.0 Ϯ 3.1 mV, n ϭ 4 neurons) or along the projection (7.4 Ϯ 1.5 mV, mean distance ϭ 281 Ϯ 54 m, n ϭ 14 sites, 8 neurons; Fig. 6B ). Importantly, GnRH neuron projections that were within the lateral edges of the median eminence were also responsive to focal glutamate puffs (6.5 Ϯ 1.7 mV, n ϭ 8 sites; Fig. 6B, red dots) . Focal GABA puffs on GnRH neuron projections, including the lateral edges of the median eminence, also produced depolarizations (9.3 Ϯ 1.8 mV, n ϭ 13 sites, n ϭ 11 neurons; Fig. 6C, red dots) . Together, these data show that the GnRH neuron projection into the median eminence is responsive to both glutamate and GABA. The responses to these neurotransmitters got smaller at more distal locations from the cell body, Figure 4 . The GnRH neuron projections to the median eminence express the spike initiation site marker Ankyrin G. Camera lucida-like reconstruction of a filled GnRH neuron in which both projections innervate the median eminence and an Ankyrin G-positive initial segment exists in the direct projection to the median eminence (ME). Black box indicates approximate area shown to the left. a, GFP-expressing GnRH neuron with white box showing area highlighted to right. a1, Ankyrin G immunoreactivity pseudocolored magenta. a2, Endogenous GFP label with arrowheads indicating the location of overlap with the Ankyrin G signal above. Note that spines exist proximal, within, and distal to the initial segment. b, The short "stripes" of Ankyrin G label, seen here in the neocortex, are absent when the primary antibody is omitted as seen in c. Note that the second dendrite of this neuron enters the median eminence as well. "X" in reconstruction indicates fibers that continue but could not be photographed.
which is consistent with electrotonic decay of these subthreshold potentials as they propagate back to the soma.
While the above experiments indicate that GnRH neuron projections have functional postsynaptic glutamate and GABA receptors, these experiments do not address whether there are functional synapses. To answer this question we crossed GnRH-GFP mice with the VGAT-ChR2 mouse line (Zhao et al., 2011) . Whole-cell recordings were performed from GnRH neurons located in the AHA Ͼ1000 m from the median eminence. A 100 m diameter optic fiber connected to a 473nm blue laser was placed above the slice close to the median eminence and flashes of blue light were used to elicit action potentials in channelrhodopsin-expressing GABAergic neurons. Importantly, the optic fiber was positioned such that light flashes were directed away from the cell body of the recorded GnRH neuron. Two millisecond flashes of 473nm light evoked fast synaptic currents in 5 of 6 GnRH neurons tested (average amplitude 77 Ϯ 48 pA, n ϭ 5; Fig. 6D ). These synaptic currents were blocked with 100 M picrotoxin confirming they were due to the activation of GABA A receptors. . Neuroendocrine dopaminergic neurons observed in TH-GFP mice in the arcuate nucleus exhibit typical dendrites and an axonal projection to the median eminence (ME). Camera lucida-like reconstruction of a Neurobiotin-filled neuroendocrine dopaminergic neuron (red) from a sagittal slice with three dendrites and a separate axon that enters the ME. The relatively short, thick dendrites bear multiple long spines (a, b), are confined to the arcuate nucleus, and do not colocalize with Ankyrin G label (pseudocolored cyan; bottom). The thin axon has an Ankyrin G-positive initial segment shortly after leaving the soma (c, arrowheads), does not exhibit spines (d), and projects to the ME. Figure 6 . Median eminence projecting processes integrate synaptic signals to regulate excitability. A, Image of a GnRH neuron filled with Alexa Fluor 555 (red) via the recording electrode among other GnRH neuron elements (green) including a GnRH neuron cell body on the edge of the median eminence adjacent to the filled fiber in a GnRH-GFP brain slice. Scale bar represents 20 m. B, C, Peak depolarization evoked by puff application of glutamate (B) or GABA (C) at different distances along the GnRH neuron process. Black dots, puff sites outside of the median eminence; red dots, puff sites within the lateral aspect of median eminence. Insets are representative responses. D, Flashes of 473 nm light (2 ms, blue bars) in the region around the median eminence evoke fast synaptic currents in GnRH neurons from Vgat-ChR2;GnRH-GFP mice that are blocked with the GABA A receptor antagonist picrotoxin (100 M). E, Left, Experimental setup. Middle, Representative on-cell recording from the soma (blue traces) and 181 m along the projection process (green traces). Traces are 10 trials overlaid. Puff application of glutamate to the soma or projection process elicited a burst of action potentials at both recording sites. Right, Example of a spike recorded at the soma and process after process glutamate puff showing the small latency difference. F, The average number of action potentials evoked with a glutamate puff onto the projection process decreased at more distal sites.
Activation of receptors on the GnRH neuron projection controls cellular excitability
To determine whether the membrane depolarizations observed above were sufficient to regulate the firing of GnRH neurons, we recorded spiking activity with the noninvasive loose-patch technique. Loose-patch recordings were simultaneously performed at the soma and from the process projecting toward the median eminence. Glutamate was then puffed onto either the soma or distal process (mean distance 244 Ϯ 35 m from the soma, range 97-542 m, n ϭ 13 neurons) and the impact on spiking activity was assessed (Fig. 6E) . Recordings from the GnRH neuron projections confirmed that these processes reliably propagate fast action potentials into the median eminence (Fig. 6E) . Glutamate puffs onto the projection process generated spikes in the majority of neurons tested (10 of 13; Fig. 6F ) but did not change the site of spike initiation based on comparing the latency of spikes recorded from the soma and the projection process (soma puff spike latency ϭ 0.207 Ϯ 0.045 ms; projection puff spike latency ϭ 0.234 Ϯ 0.049 ms, n ϭ 10 neurons, p Ͼ 0.05). In addition, spikes were always observed at both recording locations indicating that spike conduction between the projection process and soma was faithful.
Modulation of action potential dynamics by glutamate receptors on the GnRH neuron projection
In addition to generating action potentials, we tested whether activation of local glutamate receptors could modify the conduction of spikes as they pass down the projection toward the median eminence. Whole-cell recordings were performed at the GnRH neuron soma while on-cell recordings were performed on the process projecting toward the median eminence (mean distance 180 Ϯ 12 m from the cell body, n ϭ 8 neurons). To mimic a burst of synaptic activation, MNI-glutamate was uncaged locally next to the projection recording site (amplitude of uncaging EPSP 2.6 Ϯ 0.7 mV, n ϭ 8 neurons). To test the effect of glutamate receptor activation on spike conduction, we evoked one spike with somatic current injection 100 ms after the onset of glutamate uncaging. Interleaved control spikes were not paired with glutamate uncaging. Glutamate uncaging did not change the amplitude of spikes recorded in the projection process (100.2 Ϯ 2.0% of control, p Ͼ 0.05, n ϭ 8 neurons), but did induce a small yet significant increase in their width (103.7 Ϯ 1.0% of control, p ϭ 0.016, Wilcoxon sign ranked test; n ϭ 8; Fig. 7 ). Scanning the uncaging laser without applying MNI-glutamate did not change spike parameters (spike height ϭ 98.0 Ϯ 3.2% control, p Ͼ 0.05; spike width ϭ 98.8 Ϯ 2.1% control, p Ͼ 0.05, n ϭ 7 neurons).
Discussion
We report here a highly unexpected scenario in which GnRH neurons elaborate long distance projections with blended dendritic and axonal properties to control GnRH secretion into the median eminence. Specifically, the projection has a spike initiation site and actively conducts action potentials to the median eminence. However, it can also simultaneously receive and integrate synaptic inputs along its entire length thereby regulating the excitability of the neuron. We have termed this unique projection, exhibiting blended properties of a dendrite and axon, the "dendron."
In recent years, studies have begun to challenge the classical roles attributed to dendrites and axons. It is now clear that dendrites of many different neurons are capable of actively conducting action potentials (Stuart et al., 1997) and releasing neurotransmitters (Regehr et al., 2009 ). While dendritic transmitter release is important for the tuning of excitability in many neurons, the primary projection/output structure of these neurons is still the axon. It has also been recently shown that axons can transmit graded subthreshold potentials over long distances in addition to binary action potentials (Alle and Geiger, 2006; Shu et al., 2006) . If these graded potentials are sufficiently large, they can modify the release from the presynaptic nerve terminals and hence the flow of information from one cell to the next. In this scenario, the graded potentials originate first in the somatodendritic compartment before passing into and along the axon. Although it is well established that axo-axonic connections can occur at the presynaptic terminal and axon hillock of the postsynaptic cell (Howard et al., 2005) , there is little evidence that axons innervate intermediary axonal elements.
In the examples given above, it is important to note that while the axon and dendrite appear to be sharing functions, these neurons still possess discrete structures that either primarily receive afferent inputs (i.e., dendrites) or primarily conduct output signals (i.e., the axon). This is in stark contrast to the GnRH neuron dendron where a single structure performs both tasks simultaneously. The observation that these neurons and their processes do not exhibit detectable classical axonal or dendritic markers provides further support for the notion that they are structurally and functionally different to other neuronal processes in the mammalian brain. It is interesting to speculate that the unique morphology of the GnRH neurons may result from their embryonic origin in the nose (Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989 ). While we did not observe the expression of several standard neuronal markers in adult GnRH neurons, previous work has shown that GnRH neurons in embryonic explant cultures do possess transcripts for ␤-tubulin (Sharifi et al., 2002) . This suggests that the expression level in the adult is either below our level of detection or that some of these proteins are developmentally downregulated.
The one marker that GnRH neurons showed consistent labeling for was Ankyrin G. This is an adaptor protein that acts to concentrate voltage-gated Na ϩ and other membrane proteins at the initial segment of neurons (Kordeli et al., 1995) . Ankyrin G labeling was found at a distance of 89 Ϯ 30 m from the soma in the projection process heading toward the median eminence. This location fits with our previous data showing that the largest influx of Na ϩ during a burst of action potentials occurs in this region indicating that this is the likely site of spike initiation in GnRH neurons (Iremonger and Herbison, 2012) . Only one region of Ankyrin G labeling was found in each GnRH neuron. This is also consistent with our previous and current electrophysiological data suggesting that only a single site of spike initiation exists in each GnRH neuron.
Given the highly unusual situation of finding GnRH neurons to have a dendron, we questioned whether this might be an overlooked, general feature of all hypophysiotropic neuroendocrine neurons controlling pituitary gland secretion. We note here that the arcuate dopaminergic neurons projecting to the median eminence to control prolactin secretion, exhibit normal axonal and dendritic morphologies. Thus, it would seem that not all hypophysiotropic neurons have dendrons but we cannot, as yet, exclude the existence of the dendron in other specific hypophysiotropic neuroendocrine neurons.
Whereas the cell bodies of GnRH neurons are scattered throughout the basal forebrain, the dendrons of GnRH neurons become highly concentrated around the median eminence. We show here that these distal dendrons are responsive to GABA and glutamate. This may provide an ideal location for afferent axons to modulate the excitability of multiple GnRH neuron dendrons and, thereby, potentially synchronize their secretion. Indeed, we speculate that the excitability of GnRH neurons may be regulated at two independent levels. Specifically, synaptic inputs that impinge close to the spike initiation site in the proximal dendron will have the largest impact on spike patterning, while distal synaptic inputs on the distal dendron within and near the median eminence would be predicted to fine-tune neurosecretion by directly depolarizing or hyperpolarizing the dendron close to the neurosecretory terminals. Regulation of the membrane potential close to the sites of neurosecretion may regulate the opening of voltage-gated calcium channels or as we show here, regulate the shape of propagating action potentials (Shu et al., 2006; Kole et al., 2007) . Indeed, previous work has shown that glutamateevoked spike broadening can result in a significant enhancement of neurotransmitter release if it occurs in close enough proximity to the presynaptic nerve terminal (Sasaki et al., 2011) . This may well be the case for GnRH neurons although it has not been possible, as yet, to define the impact of spike widening in the GnRH neuron distal dendron upon GnRH secretion from the median eminence. Intriguingly, we note here that GABA exerts a depolarizing influence upon the dendron in adults, as is found for the GnRH neuron soma (Herbison and Moenter, 2011) .
The definition here of the dendron may provide answers to some perplexing issues in the GnRH neurobiology field. First, investigators have reported that acute mediobasal hypothalamic or median eminence fragment preparations continue to secrete GnRH in an episodic fashion in vitro despite the observation that these preparations are unlikely to contain any GnRH neuron cell bodies (Rasmussen, 1993; Bourguignon et al., 1997; Purnelle et al., 1997). These preparations would undoubtedly contain GnRH neuron dendrons that could, as noted above, potentially underlie synchronized GnRH secretion. Second, many studies have demonstrated that neurotransmitters can modulate the secretion of GnRH from median eminence/basal hypothalamic explants in vitro despite the absence of ultrastructural evidence for presynaptic elements contacting GnRH nerve terminals in most species . It is often considered that these actions occur as a result of volume conduction. However, another possibility is that these responses may result from neurotransmitter activation of the distal dendron in these preparations. In the future, it will be important to establish the full range of neurotransmitter and neuropeptide receptors present on the distal dendron.
The initial discovery that GnRH neurons exhibited extremely long dendrites was intriguing but also puzzling as to why they should do so, and how synaptic information could be integrated over such long distances (Campbell and Suter, 2010) . A reassessment of the location and orientation of reconstructed dendrites in these early studies (Campbell et al., 2005 (Campbell et al., , 2009 ) indicates that they were almost certainly dendronic projections to the median eminence. This indicates that spine density on the proximal dendron is plastic (Cottrell et al., 2006; Chan et al., 2011) and that these dendrons bundle together and receive shared synapses within the preoptic area (Campbell et al., 2009 ). This provides yet further possibilities for direct synchronization of GnRH neuron output.
In conclusion, we demonstrate that GnRH neurons extend a process to the median eminence that functions simultaneously as an axon and dendrite. The dendron allows GnRH neurons to integrate synaptic information along its entire projection, including sites close to neurosecretory terminals. This unique morphology allows a much greater range of dynamic control over GnRH neuron secretion into the median eminence and represents a new paradigm for communication in the mammalian brain.
